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Physics prospects at a Muon Collider
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Basics of a Muon Collider

•  μ+μ- Collider:

– Center of Mass energy:  1.5 - 5 TeV 

– Luminosity > 1034 cm-2 sec-1 

• Compact facility

– 3 TeV - ring circumference 3.8 km

– 2 Detectors

• Superb Energy Resolution

- MC: 95% luminosity in dE/E ~ 0.1%
- CLIC: 35% luminosity in dE/E ~ 1%                                  
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Basics of a Muon Collider

•  Muons decay: 

– muon lifetime:   (2.197034 ± 0.000021) × 10-6 sec             

– A 3 GeV muon travels 18.7 km in one lifetime

– A 1.5 TeV muon travels 9,300 km in this time ->                          
More than 2000 turns in final collider ring.

– The muon beams must be accelerated and          
cooled in phase space (factor ≈ 106)  rapidly              
-> ionization cooling

– requires a complex cooling scheme

– The decay products (μ- -> νμνe e- )                    
have high energies.  

• Detector background issues

• Serious neutrino beam issue for  Ecm ≥ 4 TeV
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Basics of a Muon Collider

• A flexible scenario with physics at each stage:
-

4

Proton Source:
 Upgraded PROJECT X
  (4MW, 2±1 ns long bunches)

- μ -> e conversion

- Kaon physics

- EMD electron

- cold muons

1021 muons per year 
which fit within 
acceptance:
ε⊥ ≈ 6000μm 

ε||  ≈ 25 mm

- neutrino beams to DUSEL

Muon final   
acceleration

- Neutrino factory

- MC Higgs Factory

 Multi-TeV MC

- √s = 3 TeV

- L = 3.5 x 1034 cm-2 sec-1

- μ/bunch = 2x1012

- circumference = 4.5 km

- σ(p)/p = -0.1%
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Basics of a Muon Collider

•  μ+μ- Collider:

– Center of Mass energy:  1.5 - 5 TeV (focus 3 TeV)

– Luminosity > 1034 cm-2 sec-1 ( focus 400 fb-1 per year)

– ΔT (bunch) ≈ 10 μsec (lots of time for readout; backgrounds don’t pile up)
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• For √s < 500 GeV  

– SM threshold region:  top pairs; W+W-; Z0Z0;  Z0h; ...

• For √s > 500 GeV 

– For SM pair production  (|θ| > 10°)                                              

R = σ/σQED(μ+μ- -> e+e-) ~ flat

– High luminosity required
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Basics of a Muon Collider
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Standard Model Cross Sections

1 ab�1

100 fb�1

10 fb�1

L = 1034 cm�2sec�1

� 100 fb�1year�1

⇒    965 events/unit of R

Processes with R ≥ 0.1 can be studied
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• Fusion Processes

– √s > 1 TeV  large cross sections 
– Increase with √s
– Important at multi-TeV energies
– MX2 < s
– t- channel processes (angular cuts)
– Backgrounds for SUSY processes

•  An Electroweak Boson Collider
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Basics of a Muon Collider
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• SM Higgs 

– SM Higgs boson mass excluded at 95% C.L.:

– Excess at 125 GeV region
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Implications of early LHC Results
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[S. Kortner Moriond(2012)] [M. Pieri - Moriond(2012)]

ATLAS CMS 
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• Compare to SM Higgs cross sections

• Tevatron - 3/7/12 result dominately H->bb

Estia Eichten                               MAP 2012 Collaboration Meeting @ SLAC                      March 8, 2012                     

Implications of early LHC Results
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– Excess in the 125 GeV region :  If confirmed - Is it the SM higgs?

– spin and parity :                              

– measure couplings
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Implications of early LHC Results

10

[Z0Z0]  P.S. Bhupal Dev, et. al.  [arXiv:0707.2878]  

[W+W-] J. Ellis and  D.S. Hwang  [arXiv:1202.6660] 

A. Azatov, R. Contino, J. Galloway  
[arXiv:1202.3415]  assume cu=cd=cl
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• BSM Limits

– CMS
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Implications of early LHC Results
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• BSM Limits

– ATLAS

– No evidence from CMS/ATLAS for anything beyond the standard model yet.
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Implications of early LHC Results
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• But we know that the Standard Model is incomplete:

– dark matter; neutrino masses and mixing -> new fields or interactions;   
– baryon asymmetry in the universe -> more CP violation
– gauge unification -> new interactions;  
– gravity: strings and extra dimensions 

• Experimental hints:  (g-2)μ, top Afb, ...

• Theoretical questions 

– Scalar sector problematic: 

• μ2 (Φ✝Φ) + λ (Φ✝Φ)2  + ΓijψiL✝ψjRΦ + h.c.    

Figure 8: Here the running of the couplings in the SM (left) and MSSM (right) is shown. In the MSSM unification
is possible due to threshold corrections of supersymmetric particles.

5 Gauge unification and the strong coupling constant

In this section we reconsider the determination of the coupling constants from the electroweak fit and
compare it with the coupling constants needed for unification. The gauge couplings in the MS scheme
determining unification can be written as:

α1 = (5/3)αMS/ cos2 θMS
W ,

α2 = αMS/ sin θMS
W ,

α3 = αMS
s ,

In the MSSM gauge unification can be reached in contrast to the SM (see Fig. 8). Instead of a common
SUSY mass scale we use a more sophisticated mass spectrum [6]-[8]. The high energy mSUGRA parameters
determine the low energy masses and couplings via RGEs. The running of the masses is shown in Fig. 9
for low and high values of tan β. The supersymmetric particles contribute to the running of the gauge
couplings at energies above their masses as shown in Fig. 10. The mass scale of SUSY particles and the
unification scale MGUT, which yields perfect unification is dependent on the low energy values of the gauge
couplings (see Fig. 11).

How good the gauge couplings can be unified at high energies depends on the experimental low energy
values of them. We use the fine structure constant α(MZ) = 1/127.953(49) [30]. The other ingredients at
MZ , the electroweak mixing angle sin2 θW and the strong coupling constant αs, are best determined from
the electroweak precision data of the MZ line shape at LEP and SLC. Unfortunately the sin2 θW data
disagree by about 3 σ. Clearly, the SLC value yields a Higgs mass, which is below the present Higgs limit
of 114.6 GeV, but the average value is consistent with it (see Fig. 2).

In addition, the strong coupling constant depends on the observables used in the fit: if only MZ , Γtot

and σ0
had are used, a value of αs = 0.115(4) is found as shown in Tab. 4, while the ratio Rl of the hadronic

and leptonic partial widths of the Z0 boson yields a higher value αs = 0.123(4). Another quantity, which
has been calculated up to O(α3

s) is the ratio of hadronic and leptonic widths of the τ lepton, Rτ , which
yields a value close to the value from Rl: αs = 0.121(3).
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mH2/M2planck ≈ 10-34 

Hierarchy problem
vacuum 
stability

large range of
fermion masses

Implications of early LHC Results

muon (g-2)
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The Scalar Sector

• Concept of naturalness.

– K. Wilson,  G. ‘t Hooft

– A theory [L(μ)] is natural at scale μ ⇔ for any                                                       

small dimensionless parameter λ (e.q. m/μ) in L(μ)                                                   

the  limit λ -> 0 enhances the symmetries of L(μ)

• The SM Higgs boson is unnatural.  (mH2/μ2)

• Three potential solutions:

– scalars not elementary
•  New strong dynamics (TC, walking TC, little Higgs, top color, ...)

– fermion masses are natural
• Symmetry coupling fermions and bosons (SUSY)

– no large gap in scales (Extra Dimensions)

• Quest for the “natural” theory to replace the SM has preoccupied theorists 
since the early 80’s  

14

G. ‘t Hooft in Proceedings of 
 Recent Developments in Gauge Theories, 
Cargese, France (1980) 
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The Scalar Sector

• SM Higgs

– New m(W) measurements from CDF/Dzero 

– Consistent with 125 GeV SM Higgs

15
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• Consistency of SM :
– Upper bound - A large Higgs mass requires 

a large higgs self-coupling term.  This                          
coupling increases with the scale Λ.         

No higgs below  600 GeV -> New strong 
dynamics nearby.

– Lower bound - For small Higgs mass, the 
quantum corrections can lead to vacuum 
instability.

– mh ~ 125 GeV:                                           

SM consistent all the way to Planck scale.                   

Vacuum metastable.                              

Favors SM or SUSY
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  J. Elias-Miro, et. al.  [arXiv:1112.3022]  

HIGGS PHYSICS

2.1 THE HIGGS SECTOR OF THE SM AND BEYOND

2.1.1 The Higgs boson in the SM

The Standard Model makes use of one isodoublet complex scalar field and, after spontaneous
electroweak symmetry breaking (EWSB), three would–be Goldstone bosons among the four
degrees of freedom are absorbed to build up the longitudinal components of the W±, Z
gauge bosons and generate their masses; the fermion masses are generated through a Yukawa
interaction with the same scalar field. The remaining degree of freedom corresponds to the
unique Higgs particle of the model with the JPC = 0++ assignment of spin, parity and charge
conjugation quantum numbers [31, 32, 33]. Since the Higgs couplings to fermions and gauge
bosons are related to the masses of these particles and the only free parameter of the model
is the mass of the Higgs boson itself; there are, however, both experimental and theoretical
constraints on this fundamental parameter, as will be summarized below.

The only available direct information on the Higgs mass is the lower limit MH >∼ 114.4
GeV at 95% confidence level established at LEP2 [34]. The collaborations have also reported
a small, <∼ 2σ, excess of events beyond the expected SM backgrounds consistent with a SM–
like Higgs boson with a mass MH ∼ 115 GeV [34]. This mass range can be tested soon at
the Tevatron if high enough luminosity is collected. Furthermore, the high accuracy of the
electroweak data measured at LEP, SLC and Tevatron [35] provides an indirect sensitivity to
MH : the Higgs boson contributes logarithmically, ∝ log(MH/MW ), to the radiative correc-
tions to the W/Z boson propagators. A recent analysis, which uses the updated value of the
top quark mass yields the value MH = 76+33

−24 GeV, corresponding to a 95% confidence level
upper limit of MH <∼ 144 GeV [36]. The left–hand side of Fig. 2.1 shows the global fit to the
electroweak data; the Higgs fit has a probability of 15.1%. If the Higgs boson turns out to
be significantly heavier than 150 GeV, there should be an additional new ingredient that is
relevant at the EWSB scale which should be observed at the next round of experiments.
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FIGURE 2.1. Left: Global fit to the electroweak precision data within the SM; the excluded region form
direct Higgs searches is also shown [36]. Right: theoretical upper and lower bounds on MH from the
assumption that the SM is valid up to the cut–off scale Λ [37].
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The Scalar Sector

• Theoretical issues 
– Couplings and width SM?
– Scalar self-coupling SM?
– Any additional scalars?  EW doublets, 

triplets or singlets?

• Role of Lepton Colliders
– Many couplings can be determined at the 

LHC

– A Linear Collider allows detailed study of 
the Higgs properties.

– S channel Higgs production

• Higgs couples to mass  

• Narrow width  

17
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• Only a low energy Muon Collider could    
directly measure width of h(125).

– Requires precise energy resolution

– Can such a resolution be achieved?
– S/B studies?
– Integrated luminosity?

– What  error on the Higgs width would be 
possible?

• Detailed study needed here !!!
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The Scalar Sector

• The visualization of the SM Higgs scan is shown below, assuming R =
0.03%. L = 10pb�1 per point has been assumed as appropriiate for
L = 1031cm�2sec�1, which in turn is limited by the needed small R.
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One gets in the end a few thousand SM Higgs bosons per year.

What is important to note is that if the mh = 100 GeV Higgs is broader
than we think, this could have a dramatic impact on how to approach the

J. Gunion Fermilab, March 5, 2008 3

J. Gunion, MC workshop (2008)

ΔE/E = 10-5

scan 109-111 ->  20 fb-1
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• Various processes available for studying                  
the Higgs at a multi-TeV muon collider

– Associated production:  Zh0 
‣ R ~ 0.12
‣ search for invisible h0 decays  

- Higgsstrahlung:  tth0 

‣ R ~ 0.01 
‣ measure top coupling 

- W*W* fusion   (mh = 120 GeV) 

‣ νμνμ h0:     R ~ 1.1 s ln(s)  (s in TeV2) 

‣ νμνμ h0h0:  measure Higgs self couplings

19

ZH (CLIC) 

m(H) = 200 GeVm(H) = 120 GeV

FIGURE 6. Pair production of heavy Higgs bosons at a high energy lepton collider. For

comparison, cross sections for the lightest Higgs boson production via the Bjorken process

µ+µ− → Z∗ → Zh0 and via the WW fusion process are also presented.

IV ADVANTAGES/NECESSITY OF A HIGH ENERGY
MUON COLLIDER

A compelling case for building a 4 TeV NMC exists for both the weakly or
strongly interacting electroweak symmetry breaking scenarios.

A Weakly interacting scenario7

Supersymmetry has many scalar particles (sleptons, squarks, Higgs bosons).
Some or possibly many of these scalars may have TeV-scale masses. Since spin-0
pair production is p-wave suppressed at lepton colliders, energies well above the
thresholds are necessary for sufficient production rates; see Fig. 7. Moreover, the
single production mechanisms at lepton colliders and the excellent initial state en-
ergy resolution are advantageous in reconstructing sparticle mass spectra from their
complex cascade decays.

B Strongly interacting electroweak scenarios (SEWS)8

If no Higgs boson exists with mh < 600 GeV, then partial wave unitarity of
WW → WW scattering requires that the scattering be strong at the 1–2 TeV
energy scale. The WW → WW scattering amplitude is

W*W* fusion 
needs 10 ab-1

 MC or CLIC: 
good benchmark process

-
σ(μ+μ-  -> ννh0h0)  (fb-1)-

 MC or CLIC:

The Scalar Sector
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BSM Opportunities and Benchmarks

20

• Many Options 

– Two Higgs Doublets

– 4th generation: Z,’ W’; KK modes 

– SUSY

– New Strong Dynamics

– Contact Terms

– ...

• The early data from the LHC is already putting constraints on the BSM 
physics  options. 

• Benchmarks discussed at Muon Collider 2011 meeting.

– Physics talks by Chris Hill, Marco Battaglia, Jack Gunion, Tao Han, E.E.

• Will need adjustment as the 2012 run LHC data is analysed.

http://conferences.fnal.gov/muon11/
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– Five scalar particles: h0, H0, A0, H±

– Decay amplitudes depend on two parameters: (α, β)  

– decoupling limit  mA0  >> mZ0 : 

• h0 couplings close to SM values

• H0, H± and A0 nearly degenerate in mass

• H0  small couplings to  VV,  large couplings to ZA0

• For large tanβ, H0 and A0 couplings to charged leptons and bottom 
quarks enhanced by tanβ. Couplings to top quarks suppressed by     
1/tanβ factor.  
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resulting spectrum of physical Higgs fields includes three neutral Higgs bosons, the

CP-even h0 and H0 and the CP-odd A0. At tree-level the entire Higgs sector is

completely determined by choosing values for the parameters tanβ = v2/v1 (where

v2 and v1 are the vacuum expectation values of the neutral members of the Higgs

doublets responsible for up-type and down-type fermion masses, respectively) and

mA0 (the mass of the CP-odd A0). For a summary, see Refs. [1,2].

In the MSSM there is a theoretical upper bound on the mass of the lightest

state h0 [3,4] which is approached at large mA0 and large tanβ. After including

two-loop/RGE-improved radiative corrections [5,6] the bound depends upon the top

quark (t) and top squark (t̃) masses and upon parameters associated with squark

mixing. Assuming mt = 175 GeV and mt̃
<∼ 1 TeV, the maximal mass is

mmax
h0 ∼ 113 to 130 GeV , (1)

depending upon the amount of squark mixing. The 113 GeV value is obtained in

the absence of squark mixing. Figure 1 illustrates the mass of the h0 versus the

parameter tan β for mA0 = 100, 200 and 1000 GeV. Mass contours for the MSSM

Higgs bosons are illustrated in Fig. 2 in the conventional mA0 , tanβ parameter plane.

Both these figures include two-loop/RGE-improved radiative corrections to the Higgs

masses computed for mt = 175 GeV, mt̃ = 1 TeV and neglecting squark mixing.

The Higgs sector of the MSSM can be extended to include extra singlet fields

without affecting any of its attractive features. A general supersymmetric model

bound of

mh0
<∼ 130 ∼ 150 GeV (2)

applies for such non-minimal extensions of the MSSM, assuming a perturbative renor-

malization group (RGE) evolved grand unified theory (GUT) framework.

The couplings of the MSSM Higgs bosons to fermions and vector bosons are

generally proportional to the couplings of the SM Higgs boson, with the constant

of proportionality being determined by the angle β (from tan β) and the mixing angle

α between the neutral Higgs states (α is determined by mA0 , tan β, mt, mt̃, and the

amount of stop mixing). Those couplings of interest in this report are [7]

µ+µ−, bb tt ZZ, W+W− ZA0

h0 − sin α/ cosβ cos α/ sin β sin(β − α) cos(β − α)

H0 cos α/ cos β sin α/ sinβ cos(β − α) − sin(β − α)

A0 −iγ5 tan β −iγ5/ tanβ 0 0

(3)

2

HIGGS PHYSICS

logarithmically with the SUSY scale or common squark mass MS ; the mixing (or trilinear
coupling) in the stop sector At plays an important role. For instance, the upper bound on the
mass of the lightest Higgs boson h is shifted from the tree level value MZ to Mh ∼ 130–140
GeV in the maximal mixing scenario where Xt = At −µ/ tan β ∼ 2MS with MS = O(1 TeV)
[41]; see the left–handed side of Fig. 2.2. The masses of the heavy neutral and charged Higgs
particles are expected to range from MZ to the SUSY breaking scale MS .

FIGURE 2.2. The masses (left) and the couplings to gauge bosons (right) of the MSSM Higgs bosons as
a function of MA for tan β = 3, 30 with MS = 2 TeV and Xt =

√
6MS.

The pseudoscalar Higgs boson A has no tree level couplings to gauge bosons, and its
couplings to down (up) type fermions are (inversely) proportional to tan β. This is also the
case for the couplings of the charged Higgs boson to fermions, which are admixtures of scalar
and pseudoscalar currents and depend only on tan β. For the CP–even Higgs bosons h and
H, the couplings to down (up) type fermions are enhanced (suppressed) compared to the SM
Higgs couplings for tan β > 1. They share the SM Higgs couplings to vector bosons as they
are suppressed by sin and cos(β − α) factors, respectively for h and H; see the right–hand
side of Fig. 2.2 where the couplings to the W±, Z bosons are displayed.

If the pseudoscalar mass is large, the h boson mass reaches its upper limit [which, de-
pending on the value of tan β and stop mixing, is in the range 100–140 GeV] and its couplings
to fermions and gauge bosons are SM–like; the heavier CP–even H and charged H± bosons
become degenerate with the pseudoscalar A boson and have couplings to fermions and gauge
bosons of the same intensity. In this decoupling limit, which can be already reached for
pseudoscalar masses MA >∼ 300 GeV, it is very difficult to distinguish the Higgs sectors of the
SM and MSSM if only the lighter h particle has been observed.

Finally, we note that there are experimental constraints on the MSSM Higgs masses,
which mainly come from the negative LEP2 searches [42]. In the decoupling limit where the
h boson is SM–like, the limit Mh >∼ 114 GeV from the Higgs–strahlung process holds; this
constraint rules out tan β values smaller than tan β ∼ 3. Combining all processes, one obtains
the absolute mass limits Mh ∼ MA >∼ MZ and MH± >∼ MW [42].
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where zab is the one-loop correction to Zab, and we used that the hermitian matrix Zab

is also symmetric due to CP-conservation. The diagonal coefficients z11, z22 can be
set to zero, since they are ordinary one-loop corrections to a non-vanishing tree term.
The interesting terms are those that mix Hd with the complex conjugate of Hu. The
arbitrary quantity a parameterizes a real field rotation in (Φ1,Φ2) space, which preserves
the diagonal form of the kinetic term. We could set a = 0, but prefer to keep it to
demonstrate explicitly the independence of physical quantities on a below. Note that we
do not rotate the fields and then shift them by the vevs, since the vevs (and tanβ) have
been defined as parameters of the MSSM Lagrangian before matching to the 2HDM.

After substituting (36) into (9), we perform a unitary (in fact orthogonal, on account
of CP-conservation) field rotation to diagonalize the Higgs mass matrix. The transfor-
mation to the physical Higgs fields h0, H0, A0, H±, including the pseudo-Goldstone fields
G0, G±, is



 Im H0
u

Im H0
d



 =
1√
2



 sβ + δsβ cβ + δcβ

−[cβ + δcβ] sβ + δsβ







 G0

A0



 ,



 H+
u

H−∗
d



 =



 sβ + δsβ cβ + δcβ

−[cβ + δcβ] sβ + δsβ







 G+

H+



 ,



 Re H0
u

Re H0
d



 =
1√
2



 cα + δcα sα + δsα

−[sα + δsα] cα + δcα







 h0

H0



 , (37)

where δsβ, δcβ, δsα, δcα parameterize the correction to the corresponding MSSM tree-
level rotation, and we use the conventional notation sφ ≡ sin φ, cφ ≡ cos φ. We already
incorporated here that the correction δcβ to the tree-level mixing matrix turns out to be
the same for the CP-odd and the charged Higgs fields. The mixing angle α is given by

tan 2α =
M2

A + M2
Z

M2
A − M2

Z

tan 2β. (38)

The correction terms δsβ, δcβ are of the size of an ordinary loop correction, and hence
relevant only if the corresponding tree contribution is suppressed. This is the case for the
off-diagonal elements, since cβ ∝ 1/ tanβ. We therefore neglect the δsβ terms relative
to sβ ≈ 1. For the off-diagonal correction we obtain

δcβ = −
1 + a

2
z12 +

δb + ∆b + δλ7v2

M2
A

. (39)

The second term vanishes in “good” renormalization schemes.
In determining the correction to α, the cases MA > MZ and MZ > MA should be

distinguished. In the following we discuss explicitly only the case MA > MZ . The other
case follows roughly (that is, up to some signs) from interchanging h0 and H0. For large

13

Two Higgs Doublets (MSSM)
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logarithmically with the SUSY scale or common squark mass MS ; the mixing (or trilinear
coupling) in the stop sector At plays an important role. For instance, the upper bound on the
mass of the lightest Higgs boson h is shifted from the tree level value MZ to Mh ∼ 130–140
GeV in the maximal mixing scenario where Xt = At −µ/ tan β ∼ 2MS with MS = O(1 TeV)
[41]; see the left–handed side of Fig. 2.2. The masses of the heavy neutral and charged Higgs
particles are expected to range from MZ to the SUSY breaking scale MS .

FIGURE 2.2. The masses (left) and the couplings to gauge bosons (right) of the MSSM Higgs bosons as
a function of MA for tan β = 3, 30 with MS = 2 TeV and Xt =

√
6MS.

The pseudoscalar Higgs boson A has no tree level couplings to gauge bosons, and its
couplings to down (up) type fermions are (inversely) proportional to tan β. This is also the
case for the couplings of the charged Higgs boson to fermions, which are admixtures of scalar
and pseudoscalar currents and depend only on tan β. For the CP–even Higgs bosons h and
H, the couplings to down (up) type fermions are enhanced (suppressed) compared to the SM
Higgs couplings for tan β > 1. They share the SM Higgs couplings to vector bosons as they
are suppressed by sin and cos(β − α) factors, respectively for h and H; see the right–hand
side of Fig. 2.2 where the couplings to the W±, Z bosons are displayed.

If the pseudoscalar mass is large, the h boson mass reaches its upper limit [which, de-
pending on the value of tan β and stop mixing, is in the range 100–140 GeV] and its couplings
to fermions and gauge bosons are SM–like; the heavier CP–even H and charged H± bosons
become degenerate with the pseudoscalar A boson and have couplings to fermions and gauge
bosons of the same intensity. In this decoupling limit, which can be already reached for
pseudoscalar masses MA >∼ 300 GeV, it is very difficult to distinguish the Higgs sectors of the
SM and MSSM if only the lighter h particle has been observed.

Finally, we note that there are experimental constraints on the MSSM Higgs masses,
which mainly come from the negative LEP2 searches [42]. In the decoupling limit where the
h boson is SM–like, the limit Mh >∼ 114 GeV from the Higgs–strahlung process holds; this
constraint rules out tan β values smaller than tan β ∼ 3. Combining all processes, one obtains
the absolute mass limits Mh ∼ MA >∼ MZ and MH± >∼ MW [42].

II-12 ILC-Reference Design Report
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- The LHC has difficulty observing the H, A especially for 
masses > 500 GeV.  Even at √s = 14 TeV and 300 fb-1.

- Pair produced with easy at a multi-TeV lepton              
collider.

22

Two Higgs Doublets (MSSM)
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- Good energy resolution is needed for H0 and A0 studies: 
• for s-channel production of H0 :    Γ/M ≈ 1%  at tanβ = 20.  
• nearby in mass need good energy resolution to separate H and A. 
• can use bremsstrahlung tail to see states using bb decay mode.

23

good benchmark
 process

Two Higgs Doublets (MSSM)
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Figure 14: MSSM cross section µ−µ+ → bb̄ near the H and A resonances for MA =
400 GeV and tanβ = 5 (left) and some contributions to the photonic corrections (right)
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Figure 15: MSSM cross section µ−µ+ → tt̄ near the H and A resonances for MA =
400 GeV and tanβ = 5 (left) and some contributions to the photonic corrections (right)
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Dittmaier and Kaiser 
[hep-ph/0203120]
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Two Higgs Doublets (MSSM)

• Enlarged scalar sector  

– Two Higgs Doublet Models: (h, H0, H±, A0)

24

[J. Gunion and T. Han, Muon ColliderWorkshop 2011)
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4th generation;  Z’, W’; and KK modes

• Fourth generation quarks: 

– Standard 

– Vectorlike

– Small pair production cross 
sections in a lepton collider 
requires high luminosity (1 ab-1)

• New Z’, W‘ 

– S-channel resonances - factories 
for lepton colliders  

– Set minimum lumonisity for MC.   

• KK Modes

– Expected in models with Extra 
Dimensions

– Discover at LHC - detailed study 
at MC

25

 t’ -> b W+  M(t’) > 552 GeV  [CMS]

 b’ -> t W-  M(b’) > 600 Gev  [CMS]

 VLQ -> V + q      (V = Z, W) [ATLAS] 

6 40. Plots of cross sections and related quantities

σ and R in e+e− Collisions
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Figure 40.6: World data on the total cross section of e+e− → hadrons and the ratio R(s) = σ(e+e− → hadrons, s)/σ(e+e− → µ+µ−, s).
σ(e+e− → hadrons, s) is the experimental cross section corrected for initial state radiation and electron-positron vertex loops, σ(e+e− →
µ+µ−, s) = 4πα2(s)/3s. Data errors are total below 2 GeV and statistical above 2 GeV. The curves are an educative guide: the broken one
(green) is a naive quark-parton model prediction, and the solid one (red) is 3-loop pQCD prediction (see “Quantum Chromodynamics” section
of this Review, Eq. (9.12) or, for more details, K. G. Chetyrkin et al., Nucl. Phys. B586, 56 (2000) (Erratum ibid. B634, 413 (2002)).
Breit-Wigner parameterizations of J/ψ, ψ(2S), and Υ (nS), n = 1, 2, 3, 4 are also shown. The full list of references to the original data and the
details of the R ratio extraction from them can be found in [arXiv:hep-ph/0312114]. Corresponding computer-readable data files are available
at http://pdg.lbl.gov/current/xsect/. (Courtesy of the COMPAS (Protvino) and HEPDATA (Durham) Groups, August 2007. Corrections
by P. Janot (CERN) and M. Schmitt (Northwestern U.))

Minimum luminosity at Z’ peak:
L = 0.5-5.0 x 1030 cm-2 sec-1 
for M(Z’) -> 1.5-5.0 TeV 
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4th generation;  Z’, W’; and KK modes

26

• New limits from the ATLAS and CMS 

• Beyond reach of an ILC.

• A muon collider can be built to operate well above 
4 TeV :
– Keeping the same limits on neutrino radiation.      

The luminosity will scale as:

– If the emittance can be reduced as the energy is 
increased, up to one power of energy ratio can be 
recovered.

– Hence s-channel resonaces well in excess of 10 TeV  
can be studied in detail at a muon collider.  [If 
theory or experiment predicts such a resonance at a 
known mass.]

  [CMS]
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SUSY

• Scalars associated with fermions.  Higgs mass associated with 
SUSY breaking scale.

• Couplings of sparticles determined by symmetry.                        
Masses depend on SUSY breaking mechanism. 

• If discovered at LHC ->

• cMSSM [Constrained Minimal Supersymmetric Standard Model]
– Five parameters: m0, m1/2, tanβ, A/m0, sign(μ)

– Experimental constraints

27

- What is the spectrum of superpartner masses?
- Dark matter candidates?
- Are all the couplings correct?
- What is the structure of flavor mixing interactions?
- Are there additional CP violating interactions?
- Is R parity violated?
- What is the mass scale at which SUSY is restored?
- What is the mechanism of SUSY breaking?

- Direct limit (LEP, CDF, Dzero, CMS, ATLAS): 
- Electroweak precision observables (EWPO):  
- B physics observables (BPO):
- Cold dark matter (CDM): 
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SUSY 

• “It is time to give up on the cMSSM”  M. Peskin,  Lepton-Photon 2011 Summary

28

+ loop  corrections: logs(mť/mt)

As μ2 increases,

more fine tuning
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SUSY

• pMSSM  - minimal assumptions on SUSY breaking parameters

– 22 parameters varied

– stop mixing parameter Xt = At - μcotβ;     Ms = √mtr～ mtl~

– Consistence requires: MA >> Mh ; ;  tan β > 10; MS large;                              

maximal mixing  ~ √6 MS

29

[A. Atbey, et. al.: arXiV:1112.3028]
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SUSY

• various constrained models

– parameters varied: 

– Upper bound - mh in top 1%

– GMSB, AMSB ✖   

– mSUGRA ✔  
• NUHM:                                 

non universal  m0                 
• VCMSSM:                                 

m0 ≃ -A0 
• NMSSM:                                 

m0 ≃ 0                                 
A0 ≃ -1/4m½   

• no scale:                                 
m0 ≃ A0 ≃ 0

30

[A. Atbey, et. al.: arXiV:1112.3028]
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SUSY

• Example study of slepton  pair production: 

– Mass measurements of neutrino using edge 
method:

– Inherently better at MC.   No 
beamstrahlung.  CLIC does well for    
slepton pair production near threshold.

31

 N. Alster and M. Battaglia [arXiv:1104.0523]
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• Detailed study for muon collider 

– large backgrounds from &&  processes

– suitable cuts reduce backgrounds but limit 
sensitivity to small mass difference between 
smuon and its decay products.

– Shows the advantage of instrumenting the 
shielding cone.

32

[A. Freitas: arXiV:1107.3853]

1 ab-1

SUSY
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SUSY 

• Tension between LHC bounds and (g-2)μ has increased.

• Too early to dismiss cMSSM or MSUGRA;  but theorists are pursuing less 
tightly constrained models of SUSY

• In many cases the we are in the decoupling region:  H0,±, A0  heavy and nearly 
degenerate.

• For the LHC, if direct pair production of squark pairs is inaccessible:
– Associated production of squarks and gauginos would likely still be open.
– For pair production of sleptons and charginos, the reach of the LHC (even at full 

energy and luminosity) is limited (~ 300 GeV) due to electroweak couplings.   

• Sleptons, charginos and neutralinos still remain easily assessible at a multi-TeV 
lepton collider.  

• Supersymmetry provides a very strong case for a multi-TeV collider.  

33
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- What is the spectrum of low-lying states?
- What is the ultraviolet completion? Gauge group?  Fermion representations?
- What is the energy scale of the new dynamics?
- Any new insight into quark and/or lepton flavor mixing and CP violation? 
- ...

New Strong Dynamics

Technicolor, ETC,  Walking TC, Topcolor , ...

  For example with a new strong interaction at TeV scale expect:
- Technipions - s channel production (Higgs like) 

- Technirhos - Nearby resonances (ρT,ωT)-  need fine energy resolution of muon collider.

34

good benchmark 
processes

28

Example: Resonance Production
Resonance scans, e.g. a Z’

Degenerate resonances
e.g. D-BESS model

1 ab-1 !"M/M ~ 10-4 & "#/# = 3.10-3

Can measure $M down to 13 GeV

Smeared lumi spectrum allows
still for precision measurements

CLIC - D-BESS model (resolution 13 GeV)

Figure 2: Cross sections for µ+µ− → ρT , ωT → e+e− for MρT
= 210 GeV

and MωT
= 211 GeV (higher-peaked curve) and 209 GeV. Statistical errors

only are shown for resolutions and luminosities described in the text. The
solid lines are the theoretical cross sections (perfect resolution).

given in terms of matrix elements of ∆ by

dσ(µ+µ− → ρ0
T , ωT → f̄ifi)

dz
=

Nfπα2

8s

{

(

|DiLL|2 + |DiRR|2
)

(1 + z)2

+
(

|DiLR|2 + |DiRL|2
)

(1 − z)2

}

; (10)

where

Diλλ′(s) = s
[

QiQµ ∆γγ(s) +
4

sin2 2θW

ζiλ ζµλ′ ∆ZZ(s)

+
2

sin 2θW

(

ζiλQµ∆Zγ(s) + Qiζµλ′∆γZ(s)
)]

.

(11)

8

Eichten, Lane, Womersley PRL 80, 5489 (1998) 
M(ρT) = 210 GeV M(ωT) = 211, 209 GeV
MC 40 steps (total 1 fb-1) 

Theoretical issues 

• Electroweak Symmetry Breaking is generated dynamically at a nearby scale.  
May or may not be a light Higgs boson. 
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New Strong Dynamics

• Hint of new strong dynamics? 

– CDF W+2jets  [PRL 106:171801 (2011)]    (maybe)

– DZero  [arXiv:1106.1921]     (no)

35

Text
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New Strong Dynamics

• WLWL scattering  at high energy

36

[J. Gunion and T. Han, Muon ColliderWorkshop 2011)
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- New interactions (at scales not 
directly accessible)                         
give rise to contact interactions. 

- Present LHC Limits  (CMS table)

- Muon collider is sensitive to contact 
interaction scales over 200 TeV as is 
CLIC.

- Cuts on forward angles for a muon 
collider not an issue. 

- Polarization useful to disentangle the 
chiral structure of the interaction.  
(CLIC)

apply, qualitatively, to a multi-TeV collider.
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Fig. 6.22: Limits on the scale Λ of contact interactions for CLIC operating at 3 TeV (dashed histogram) compared with a 1 TeV

LC (filled histogram) for different models and the µ+µ− (left) and bb̄ (right) channels. The polarization of electrons P− is

taken to be 0.8 and that of positrons P+ = 0.6. For comparison, the upper bars in the right plot show the sensitivity achieved

without positron polarization. The influence of systematic uncertainties is also shown.

Using the scaling law, the expected gain in reach on Λ for 5 ab−1 and a 5 TeV (10 TeV) e+e−

collider would be 400–800 GeV (500–1000 GeV). This is a very exciting prospect, if for the ‘doomsday’

scenario where in some years from now only a light Higgs has been discovered, and no sign of other

new physics has been revealed by the LHC or a TeV-class LC. Indeed, if the Higgs particle is light,

i.e. below 150 GeV or so, then the SM cannot be stable up to the GUT or Planck scale, and a new

mechanism is needed to stabilize it, as shown in Fig. 6.23 [58]: only a narrow corridor of Higgs masses

around 180 GeV allow an extrapolation of the SM up to the Planck scale without introduction of any new

physics. For example, for a Higgs with a mass in the region of 115–120 GeV, the SM will hit a region

of electroweak unstable vacuum in the range of 100–1000 TeV. Hence, if the theoretical assessment of

Fig. 6.23 remains valid, and the bounds do not change significantly (which could happen following a

change in the top-quark mass from, e.g. new measurements at the Tevatron) and the Higgs is as light as

120 GeV, then the signature of new physics cannot escape precision measurements at CLIC.

Finally, we note that straightforward left–right asymmetry measurements in Møller scattering, as

observed in e−e− interactions, can be used as sensitive probes of new physics effects due to, say, the
existence of higher-mass Z ′ bosons, doubly-charged scalars (which might belong to an extended Higgs
sector), or the presence of extra dimensions [59]. The running of sin2 θW with Q2 can be measured over

a large parameter range to probe for such novel effects, in a single experiment. The added energy reach

of CLIC will be of major importance for the sensitivity of such studies. As an example: assuming 90%

polarized beams at a CLIC energy of 3 TeV, e−e− interactions will be sensitive to interference effects
up to a compositeness scale of ∼ 460 TeV, far outdistancing the Bhabha scattering sensitivity even if the
electron (but not the positron) is polarized. For the same integrated luminosity, the sensitivity to Λ is

about a factor 1.6 larger in e−e− scattering, compared with e+e− scattering.

161

 NFMC Collaboration Meeting                     Fermilab  March 17-20, 2008                                                     E. Eichten   --35--

37
good benchmark process

Contact Interactions

Muon Collider Study
E.Eichten, S.~Keller, [arXiv:hep-ph/9801258]

CLIC Study

• The SM is only an effective theory valid below the compositeness scale.
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Physics Benchmarks

38

[Marco Battaglia, Muon ColliderWorkshop 2011)
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In Summary

• The era of the LHC has begun.  

– We fully expect to uncover which physical mechanism is responsible for EW symmetry 
breaking in the near future.  

– Many details will remain to be understood even after the LHC.   In particular the origin of 
fermion masses and mixing will likely still be a mystery. Even the scale of that physics is 
unknown at present.

• A multiTeV lepton collider will be required for full coverage of Terascale physics. 

• The physics potential for a muon collider at  √s ~ 3 TeV and integrated luminosity of 
1 ab-1  is outstanding.  Particularly strong case for SUSY and new strong dynamics.

• Narrow s-channel states played an important role in past lepton colliders.  If such 
states exist in the multi-TeV region, they will play a similar role in precision studies 
for new physics.  Sets the minimum luminosity scale. 

• A staged  Muon Collider can provide a Neutrino Factory to fully disentangle neutrino 
physics.

39
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